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Overview
1) Introduction:

• Review	  work	  of	  collaborators

• Age	  fitting	  techniques

• The	  PMS	  age	  crisis

• Taurus

2) Extinction	  fitting

3) Application	  to	  Taurus,	  age	  fitting,	  implications
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The	  Papers

Are	  pre-‐main-‐sequence	  stars	  older	  than	  we	  thought?	  –	  Naylor	  
(2009)

Pre-‐main-‐sequence	  isochrones	  -‐	  I.	  The	  Pleiades	  benchmark	  –	  
Bell,	  Mayne,	  Naylor,	  Jeffries	  &	  Littlefair	  (2012)

Pre-‐main-‐sequence	  isochrones	  –	  II.	  Revising	  star	  and	  planet	  
formation	  timescales	  –	  Bell	  et	  al,	  MNRAS	  (2013)

Pre-‐main-‐sequence	  isochrones	  –	  III.	  The	  Cluster	  Collaboration	  
isochrone	  server	  –	  Bell	  et	  al,	  MNRAS	  (2014)
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Motivation	  I

• Why	  are	  we	  interested?

• Stellar	  ages	  give	  us	  timescales

• Disc	  lifetime,	  planet	  formation,	  YSO	  lifetimes

• Star	  formation	  rates,	  masses
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Credit:	  Lynn	  
Hillenbrand

� IR	  excess	  (dust	  disc)	  
disappears	  in	  ~2Myr.

� But	  takes	  ~10Myr	  to	  
form	  Jupiter.

� Are	  planets	  rare?	  
� Is	  environment	  

important?

 Motivation	  II:	  Planet	  formation
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The	  three	  ages	  of	  young	  
stars

� Lithium	  depletion	  ages	  (only	  good	  for	  >15	  Myr)	  

� Pre-‐main-‐sequence	  ages

� ZAMS	  to	  TAMS	  evolution	  (MS	  ages)
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Lithium	  Depletion	  

• Li	  burned	  rapidly	  at	  
TC=3x106K

• Low	  mass	  PMS	  stars	  fully	  
convective

• Lithium	  depleted	  throughout	  
star
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Lithium	  Depletion	  

• Age	  of	  lithium	  depletion	  is	  
mass	  dependent

• Boundary	  between	  stars	  with	  
lithium	  and	  depleted	  lithium

• Luminosity	  of	  boundary	  age	  
is	  model	  independent

• 9	  clusters:	  22-‐132Myr

Binks & Jeffries (2014)
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Ages	  from	  the	  CMD
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Ages	  from	  the	  CMD
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� Reminder	  –	  the	  UMS	  stars	  evolves	  from	  ZAMS	  to	  
TAMS	  over	  ~10Myr.

� These	  stars	  are	  bright	  (V<10).
� Database	  of	  superb	  UBV	  photometry	  from	  Johnson	  
and	  collaborators	  (1950s-‐1980s).

� Fit	  distance,	  age	  and	  extinction.

Upper-‐Main-‐Sequence	  
fitting
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V	  vs.	  (V-‐I)c	  CMD	  for	  Pleiades	  members	  with	  photoelectric	  
photometry.	  The	  solid	  curve	  is	  the	  “by-‐eye”	  fit	  to	  the	  single-‐star	  

locus	  for	  Pleiades	  members.	  (From	  Stauffer	  2007.)

Fitting	  the	  CMD	  -‐	  The	  problem
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V	  vs.	  (V-‐I)c	  CMD	  for	  Pleiades	  members	  with	  photoelectric	  
photometry.	  The	  solid	  curve	  is	  the	  “by-‐eye”	  fit	  to	  the	  single-‐star	  

locus	  for	  Pleiades	  members.	  (From	  Stauffer	  2007.)

Why	  not	  χ2?

Fitting	  the	  CMD	  -‐	  The	  problem
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V	  vs.	  (V-‐I)c	  CMD	  for	  Pleiades	  members	  with	  photoelectric	  
photometry.	  The	  solid	  curve	  is	  the	  “by-‐eye”	  fit	  to	  the	  single-‐star	  

locus	  for	  Pleiades	  members.	  (From	  Stauffer	  2007.)

Why	  not	  χ2?
– binaries

Fitting	  the	  CMD	  -‐	  The	  problem
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V	  vs.	  (V-‐I)c	  CMD	  for	  Pleiades	  members	  with	  photoelectric	  
photometry.	  The	  solid	  curve	  is	  the	  “by-‐eye”	  fit	  to	  the	  single-‐star	  

locus	  for	  Pleiades	  members.	  (From	  Stauffer	  2007.)

Why	  not	  χ2?
– binaries
– 2D	  error	  bars

Fitting	  the	  CMD	  -‐	  The	  problem
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V	  vs.	  (V-‐I)c	  CMD	  for	  Pleiades	  members	  with	  photoelectric	  
photometry.	  The	  solid	  curve	  is	  the	  “by-‐eye”	  fit	  to	  the	  single-‐star	  

locus	  for	  Pleiades	  members.	  (From	  Stauffer	  2007.)

Why	  not	  χ2?
– binaries
– 2D	  error	  bars
By	  eye	  fitting

Fitting	  the	  CMD	  -‐	  The	  problem
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NGC	  6530	  	  
0.25	  Myr	  (Geneva-‐Bessell)

Pr(τ	  2)=0.03

ZAMS	  to	  TAMS	  Ages

Naylor (2009)
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NGC	  6530	  	  
5.50	  Myr	  (Geneva-‐Bessell)

Pr(τ	  2)=0.67

c.f. 2 Myr PMS isochronal 
(contraction) age

ZAMS	  to	  TAMS	  Ages

Naylor (2009)
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The	  PMS	  age	  crisis
� Most	  young	  cluster	  ages	  come	  from	  fitting	  a	  model	  to	  the	  pre-‐main-‐sequence	  in	  a	  

CMD.

� Interior	  models:	  luminosity	  and	  effective	  temperature

� Take	  model	  spectra,	  fold	  through	  system	  bandpasses,	  predict	  colours	  and	  
magnitudes.

20
02
MN
RA
S.
33
5.
.2
91
N

Naylor et al. (2002)



Jon	  Rees 6th	  August	  2015

The	  PMS	  age	  crisis

� Most	  young	  cluster	  ages	  come	  from	  fitting	  a	  model	  to	  the	  pre-‐main-‐
sequence	  in	  a	  CMD.

� Different	  models	  give	  different	  ages.

� Even	  if	  you	  use	  the	  same	  model…

� different	  colours	  give	  different	  ages

� different	  mass	  ranges	  give	  different	  ages.

� These	  differences	  are	  large	  (factor	  two).
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NGC	  2547

IC2602

ONC

λOri

σ	  Ori

NGC	  2264

CepOB3b

NGC	  2362

Summary	  for	  PMS	  ages

Naylor (2009)
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A P P E N D I X A : T H E C A L C U L AT E D I N T- W F C
SYSTEM RESPONSES

Although the SDSS survey system responses are well constrained
and available on the SDSS web pages6 (Doi et al. 2010), the re-

6 http://www.sdss.org/dr7/instruments/imager/index.html#filters

Figure A1. The normalized system response functions for the SDSS
(dashed) and the INT-WFC (bold). The INT-WFC system responses are
those calculated in Appendix A and include the effects of the telescope op-
tics and atmospheric absorption. Plotted in the bottom panel are normalized
model spectra of Vega (A0V), the Sun (G2V) and Proxima Centauri (M6V).

sponses on the Isaac Newton Group (ING) web pages for the WFC
only combine the filter throughput and CCD quantum efficiency.
To model the system responses of the INT-WFC, we included the
cumulative effects of the transmission of the Earth’s atmosphere,
the reflectivity of the telescope mirror, the transmission of the prime
focus corrector optics, the quantum efficiency of the detector and
the filter transmission. To calculate the atmospheric transmission
we used the model for the La Palma atmosphere derived by King
(1985), for an airmass typical for our observations of 1.4. This model
varies smoothly as a function of wavelength and does not include the
molecular absorption features. These atmospheric absorption bands
(primarily due to H2O, CO2 and O3) were estimated using the spec-
trum of an F8 star observed using the Faint Object Spectrograph on
the William Herschel Telescope. At low resolution the continuum
of an F8 star is relatively smooth, and thus the atmospheric bands
can be identified by fitting a low-order polynomial to the contin-
uum and subtracting this from the spectrum (Shahbaz et al. 1996).
The continuum is modelled between 4700 and 9800 Å. At prime
focus the INT optical path involves a single reflection from the
aluminium-coated primary mirror, and this was modelled using the
aluminium reflectivity spectrum of Allen (1963). A three-element
prime focus corrector is used, which is coated to minimize reflec-
tion and thus improve efficiency and reduce ghosts. The first two
elements are non-interchangeable and have a broad-band single-
layer MgF2 coating. The third element, although interchangeable,
typically adds an additional single layer of MgF2 coating. These
single-layer coatings produce total reflectivities smaller than 2 per
cent in the wavelength region 3500–7400 Å. Beyond this range, the
reflectivity from the prime focus corrector increases to !3 per cent
at 8000 Å. The filter and detector responses were from the ING web
pages.7 The detector is comprised of four EEV42-80 CCDs. The
detector response on the ING web pages only extends to 3400 Å
in the blue; however, the blue edge of the RGO UWFC filter is at
approximately 3000 Å and so the detector response was extended

7 http://www.ing.iac.es/Astronomy/instruments/wfc/

C" 2012 The Authors, MNRAS 424, 3178–3191
Monthly Notices of the Royal Astronomical Society C" 2012 RAS

What’s	  wrong	  with	  PMS	  ages?

Bell	  et	  al.	  (2012)
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5.5. REDDENING AND EXTINCTION FOR PRE-MAIN-SEQUENCE STARS 180

Figure 5.4: The variation in AgWFC
as a function Te� between 2000 and 20 000 K for

a nominal E(B ≠ V ) = 0.5 calculated using the atmospheric models and the interstellar
extinction law of Cardelli et al. (1989). The di�erent colour symbols represent di�erent
surface gravities; log g = 3.5 (red), 4.0 (blue), 4.5 (green), 5.0 (magenta), and 5.5 (cyan).

Figure 5.5: Same as Fig. 5.4 but showing the variation in E(g ≠ i)WFC as a function of
Te� . The di�erent colour symbols are the same as in Fig. 5.4.

What’s	  wrong	  with	  PMS	  ages?

Bell	  (thesis)
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What’s	  wrong	  with	  PMS	  ages?

�	  	  gstand	  =	  ginst	  +	  φg(g-‐i)inst	  –	  kgχ	  +	  zg	  ???

=> Factor 2 
in age!

Bell	  et	  al.	  (2012)
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Testing	  the	  models	  -‐	  The	  Sample

� Transformations	  between	  systems	  can	  introduce	  
large	  errors.

� So	  we	  have	  a	  sample	  of	  star	  forming	  regions	  all	  
observed	  with	  the	  same	  filter	  system	  and	  the	  same	  
standard	  stars	  taken	  with	  the	  INT	  WFC.
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Test	  –	  Fitting	  the	  Pleiades
� Worked	  out	  the	  natural	  system	  for	  the	  INT	  WFC	  from	  

instrument	  throughputs.

� Age	  of	  Pleiades	  130Myr	  (Li	  boundary,	  but	  agrees	  with	  ZAMS	  to	  
TAMS).

� Distance	  modulus	  5.63	  (HST	  parallax,	  but	  also	  agrees	  with	  
ZAMS	  fitting).	  

� Take	  models,	  redden	  them	  (Av=0.12),	  fold	  through	  filter	  
responses	  and….
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Baraffe	  et	  al.	  (1998)	  red	  
Siess	  et	  al.	  (2000)	  blue

D’Antona	  &	  Mazzitelli	  (1997)	  green	  
Dotter	  et	  al.	  (2008)	  cyan

Bell	  et	  al.	  (2012)

� It	  doesn’t	  work!

� Models	  too	  blue

� Potentially	  missing	  
opacity	  in	  the	  model	  
atmospheres.

� e.g.	  Stauffer	  et	  al.	  (2007)

Test	  –	  Fitting	  the	  Pleiades
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Test	  –	  Fitting	  the	  Pleiades
4.4. COMPARING THE MODELS AND THE DATA – II. MAIN-SEQUENCE
BINARIES 154

Figure 4.4: Optical/near-IR CMDs of the Pleiades members as defined by cross-
correlation with the combined membership catalogue of Stau�er et al. (2007) and Lodieu
et al. (2012). The 130 Myr pre-MS isochrones of BCAH98 – = 1.9 (red, continuous),
BCAH98 – = 1.0 (red, dashed), SDF00 (blue), DAM97 (green) and DCJ08 (cyan) are
overlaid, adopting a distance modulus dm = 5.63 and a reddening E(B ≠ V ) = 0.04. The
isochrones have been transformed into the observable plane using bolometric corrections
derived by folding the atmospheric flux distributions through the calculated INT-WFC
system responses. The black line in each panel represents the spline fit (by-eye) to the
Pleiades single-star sequence. The open circles represent the photometric data, with the as-
sociated uncertainties in colour and magnitude shown as the bars. Top left: Ks, gWFC ≠Ks
CMD. Top right: gWFC , (g ≠ i)WFC CMD. Middle left: iWFC , (r ≠ i)WFC CMD. Middle
right: rWFC , (r ≠ Z)WFC CMD. Bottom left: J, J ≠H CMD. Bottom right: Ks, J ≠Ks
CMD.

Bell	  et	  al.	  (2012)

Baraffe	  et	  al.	  (1998)	  red	  
Siess	  et	  al.	  (2000)	  blue

D’Antona	  &	  Mazzitelli	  (1997)	  green	  
Dotter	  et	  al.	  (2008)	  cyan

� It	  doesn’t	  work!

� Models	  too	  blue

� Potentially	  missing	  
opacity	  in	  the	  model	  
atmospheres.

� e.g.	  Stauffer	  et	  al.	  (2007)
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Test	  –	  Fitting	  the	  Pleiades
4.4. COMPARING THE MODELS AND THE DATA – II. MAIN-SEQUENCE
BINARIES 154

Figure 4.4: Optical/near-IR CMDs of the Pleiades members as defined by cross-
correlation with the combined membership catalogue of Stau�er et al. (2007) and Lodieu
et al. (2012). The 130 Myr pre-MS isochrones of BCAH98 – = 1.9 (red, continuous),
BCAH98 – = 1.0 (red, dashed), SDF00 (blue), DAM97 (green) and DCJ08 (cyan) are
overlaid, adopting a distance modulus dm = 5.63 and a reddening E(B ≠ V ) = 0.04. The
isochrones have been transformed into the observable plane using bolometric corrections
derived by folding the atmospheric flux distributions through the calculated INT-WFC
system responses. The black line in each panel represents the spline fit (by-eye) to the
Pleiades single-star sequence. The open circles represent the photometric data, with the as-
sociated uncertainties in colour and magnitude shown as the bars. Top left: Ks, gWFC ≠Ks
CMD. Top right: gWFC , (g ≠ i)WFC CMD. Middle left: iWFC , (r ≠ i)WFC CMD. Middle
right: rWFC , (r ≠ Z)WFC CMD. Bottom left: J, J ≠H CMD. Bottom right: Ks, J ≠Ks
CMD.
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Dotter	  et	  al.	  (2008)	  cyan

� It	  doesn’t	  work!

� Models	  too	  blue

� Potentially	  missing	  
opacity	  in	  the	  model	  
atmospheres.

� e.g.	  Stauffer	  et	  al.	  (2007)
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Bell	  et	  al.	  (2012)

Main-‐Sequence	  Binaries
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Quantifying	  the	  discrepancy

� Start	  with	  the	  Pleiades.

� Assume	  Ks	  has	  well	  modeled	  flux.

� Calculate	  the	  missing	  opacity	  for	  the	  other	  bands	  w.r.t.	  the	  
model.
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⇒ Factor 2 
in age 

(again)!

Quantifying	  the	  discrepancy
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Applying	  the	  correction

� Take	  the	  model	  spectra,	  redden	  them.

� Fold	  through	  band	  passses.

� Apply	  missing	  opacity	  correction.

� Compare	  with	  data.

� Derive	  new	  PMS	  ages.

� Note:	  models	  still	  include	  theoretical	  gravity	  correction.
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Example	  Fit	  for	  ages	  >	  10Myr

Spectroscopically	  confirmed	  members	  of	  the	  λ	  
Ori	  association	  from	  Bayo	  et	  al.	  (2011).

Bell et al. (2013)
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Figure 12. Same as Fig. 8 but for NGC1960. Circles are Li I
spectroscopic members from Je↵ries et al. (in preparation).

Figure 13. NGC2244 gWFC , (g � i)WFC CMD with stars se-
lected as pre-MS members. Circles are X-ray sources from Wang
et al. (2008) and crosses are IR excess objects from Balog et al.
(2007). Semi-empirical BCAH98 ↵ = 1.9 (red), DCJ08 (cyan)
and DAM97 (green) pre-MS model isochrones at ages of 2Myr
are overlaid at a distance modulus dm = 10.70 and reddened by
E(B � V ) = 0.43 according to the prescription described in Sec-
tion 5.1. Note how all isochrones do not follow the shape of the
observed pre-MS locus.

Figure 14. CepOB3b gWFC , (g � i)WFC CMD with stars se-
lected as pre-MS members. Crosses are periodic variables from
Littlefair et al. (2010), the circles are X-ray sources from Nay-
lor & Fabian (1999) and Getman et al. (2006), the asterisks are
spectroscopic members from Pozzo et al. (2003), and the triangles
are are H↵ sources from Ogura et al. (2002). The 6Myr DCJ08
semi-empirical pre-MS model isochrone is overlaid at a distance
modulus dm = 8.78 and reddened by E(B�V ) = 0.89 according
to the prescription described in Section 5.1. The diamond marks
the position of a 0.75M� star according to the DCJ08 isochrone.

Figure 15. Same as Fig. 14 but for IC 348. Circles are X-ray
sources from Preibisch & Zinnecker (2002), the crosses are the
H↵, Na I, and K I spectroscopic members from Luhman et al.
(2003, 2005a,b), the triangles are the H↵ spectroscopic members
from Herbig (1998), and the asterisks are the combined periodic
variable sources from Cohen et al. (2004) and Littlefair et al.
(2005). The 6Myr model isochrone is at a distance modulus dm =
6.98 and reddened by E(B � V ) = 0.69.

ted. Therefore, a more consistent approach is to estimate
the pre-MS age of a given SFR by comparing the position
of a model star of given mass (having applied the reddening
and distance modulus as for the comparison with the 6Myr
DCJ08 model isochrone) with the approximate middle of
the observed pre-MS locus. Such ages are termed nominal

c� 2013 RAS, MNRAS 000, 1–27

Bell et al. (2013)
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For	  ages	  ~2Myr
16 C. P. M. Bell et al.

Figure 16. Same as Fig. 14 but for IC 5146. Circles are the IR
excess sources of Harvey et al. (2008) and the crosses are spectro-
scopic members from Herbig & Dahm (2002). The 6Myr model
isochrone is at a distance modulus dm = 9.81 and reddened by
E(B � V ) = 0.75.

Figure 17. Same as Fig. 14 but for NGC2244. Circles are X-
ray sources from Wang et al. (2008) and the crosses are IR excess
objects from Balog et al. (2007). The 6Myr model isochrone is at a
distance modulus dm = 10.70 and reddened by E(B�V ) = 0.43.

ages and estimated adopting a mass of 0.75M�. Table 7
shows the nominal pre-MS ages for the SFRs with MS ages
< 10Myr.

6.2.2 �Per

�Per could not be fitted using the simple ⌧2 model that
accounts for a non-member population as the fraction of
non-members (introduced by the selection based purely on
positions on the sky relative to the cluster centre; see Ap-
pendix A2) was simply too high. Given the derived best-
fit MS ages of 14.5Myr, one learns nothing by comparing
the pre-MS locus, which is well-defined in the optical CMD
and shows no evidence of a significant luminosity spread,
with a 6Myr pre-MS model isochrone. Therefore, in Fig. 21

Figure 18. Same as Fig. 14 but for NGC6530. Circles are X-ray
sources from Damiani et al. (2004), the crosses are spectroscopic
members from Prisinzano et al. (2007), and the asterisks are pe-
riodic variables from Henderson & Stassun (2012). The 6Myr
model isochrone is at a distance modulus dm = 10.64 and red-
dened by E(B � V ) = 0.32.

Figure 19. Same as Fig. 14 but for NGC6611. Circles are X-
ray sources from Guarcello et al. (2007) and the crosses are IR
excess objects from Guarcello et al. (2009). The 6Myr model
isochrone is at a distance modulus dm = 11.38 and reddened by
E(B � V ) = 0.71.

the semi-empirical pre-MS isochrones of BCAH98 ↵ = 1.9,
DCJ08, and DAM97 at the MS age of 14.5Myr are over-
laid adopting the MS distance modulus and reddening of
dm = 11.80 and E(B � V ) = 0.52 respectively.

From Fig. 21 it is apparent that both the BCAH98
↵ = 1.9 and DCJ08 models match the shape of the ob-
served pre-MS well across the entire colour range, with the
DCJ08 model also following the sequence across the pre-
MS-MS transition. Hence for these models the consistency
between the MS and pre-MS ages, as demonstrated for other
SFRs with ages > 10Myr, is still evident. In contrast, whilst
the age appears to be approximately correct for the DAM97
model, with the model tracing the shape of the lower MS, the

c� 2013 RAS, MNRAS 000, 1–27

Bell et al. (2013)
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Summary	  for	  PMS	  ages

�  Older	  than	  10Myr	  –	  τ2	  fitting	  gives	  age.

� Below	  this	  there	  are	  spreads	  in	  CMD	  space,	  but

� one	  group	  around	  6Myr	  with	  middling	  spread	  and

� one	  group	  around	  2Myr	  with	  large	  spread.

� But	  now	  need	  to	  compare	  with	  MS	  ages.
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NGC	  2547

IC2602

ONC

λOri

σ	  Ori

NGC	  2264

CepOB3b

NGC	  2362

Summary	  for	  PMS	  ages

Naylor (2009)
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Figure 17. The MS versus pre-MS ages for the SFRs in our sample. The blue circles and error bars represent the SFRs for which both
the MS and pre-MS age were derived using the ⌧2 fitting statistic. The red asterisks and error bars denote SFRs for which the MS age
was derived using the ⌧2 fitting statistic, however the pre-MS age was estimated by overlaying a semi-empirical pre-MS single-star model
isochrone on the pre-MS population and is a nominal age at a mass of 0.75M� (see Section 6.2.1). The uncertainties in the MS age were
calculated from the ⌧2 age-distance fit (see Section 4.3) and represent the 68 per cent confidence levels. Uncertainties in the pre-MS age
were only calculated for those SFRs where the age was derived using the ⌧2 fitting statistic and represent the uncertainty in the derived
MS distance translated into an age (see Section 6.1). Note that both IC 348 and IC 5146 are not shown in this figure as no MS ages were
derived for either SFR (see caption of Fig. 6). Left panel: BCAH98 ↵ = 1.9. Note that the pre-MS age for NGC2362 has been increased
by 0.3Myr to highlight the uncertainty on the MS age. Middle panel: DCJ08. Right panel: DAM97.

ties in the distance to each of the SFRs, the nominal ages
given in Table 7 are consistent with two groups of clusters at
ages of 2 and 6Myr. For the 6Myr group, the MS ages are
consistent with the pre-MS nominal ages, and so our final
assigned age for this group is 6Myr. For the very youngest
group, the MS ages (' 5�6Myr) are approximately a factor
of two greater than the pre-MS ages. For reasons we discuss
in Section 7.2 we adopt an age of 2Myr for this group. The
resulting ages we propose should be used for these SFRs in
further studies are given in Table 8.

7.2 Discussion

On the balance of the evidence presented in Sections 4.3 and
6.2.1, how reasonable is the distinction between the 2Myr
and 6Myr groups? Although it is statistically impossible to
di↵erentiate between these two groups based on their MS
ages (all clustered around 6Myr) there is an obvious di↵er-
ence in the luminosity of the pre-MS locus between those
SFRs where an isochrone of 6Myr lies systematically be-
low the observed pre-MS locus and those SFRs where the
isochrone traces the approximate middle of the locus. Fur-
thermore, there is a visible di↵erence between the magnitude
of the observed luminosity spread between the 2Myr and
6Myr groups. For a given colour, the spread in the 2Myr
group covers approximately 3mag, whereas in the 6Myr
group the observed spread is approximately a magnitude
smaller. Note also that in the older SFRs this spread al-
most entirely vanishes and is explainable by the presence of
binaries and higher order multiple systems.

The main di↵erence between the absolute pre-MS ages
derived using the ⌧2 fitting statistic and the nominal pre-MS
ages is that the former include an intrinsic binary fraction

whereas the latter do not and are solely based on comparison
with a single-star model isochrone. Thus, there is a sugges-
tion that the pre-MS ages for both the 2 and 6Myr groups
require a correction to account for binarity. The di↵erence
between the lower single-star and upper equal-mass binary
envelopes in a coeval model isochrone is ' 0.75mag, and so
if we näıvely assume the most extreme case (i.e. 50 per cent
of stars are single and 50 per cent are in equal-mass bina-
ries) this would necessitate that the single-star isochronal
ages be increased by a factor that translates to a shift of
' 0.38mag fainter. For more realistic mass ratio distribu-
tions, however, this shift would be smaller. Adopting the
most extreme case, such a shift would increase the pre-MS
ages for the 2 and 6Myr groups by an additional factor of
1.5� 2. This would have the e↵ect of decreasing the dispar-
ity between the MS and pre-MS ages for the 2Myr group,
whilst causing disagreement between the two ages for the
6Myr group.

Such a shift appears unlikely given that at ages of
' 10Myr we would expect to see evolved high-mass stars in
SFRs like CepOB3b, however these are not observed in the
optical CMDs. Furthermore, the 2Myr group represents the
earliest visible stages of the star formation process and any
shift would increase the age of these SFRs to ' 4 � 5Myr,
suggesting that only after such times do embedded proto-
stars become optically visible.

Any possible quantification of the shift in the ages due
to binarity are hampered by the underlying uncertainty in
the causes of the observed luminosity spread and the result-
ing implications for the evolution of single- and binary-star
systems (e.g. Preibisch 2012). In addition, these young SFRs
likely contain significant numbers of stars with circumstellar
discs, thus further complicating the issue due to the e↵ects

c� 2013 RAS, MNRAS 000, 1–28
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Figure 17. The MS versus pre-MS ages for the SFRs in our sample. The blue circles and error bars represent the SFRs for which both
the MS and pre-MS age were derived using the ⌧2 fitting statistic. The red asterisks and error bars denote SFRs for which the MS age
was derived using the ⌧2 fitting statistic, however the pre-MS age was estimated by overlaying a semi-empirical pre-MS single-star model
isochrone on the pre-MS population and is a nominal age at a mass of 0.75M� (see Section 6.2.1). The uncertainties in the MS age were
calculated from the ⌧2 age-distance fit (see Section 4.3) and represent the 68 per cent confidence levels. Uncertainties in the pre-MS age
were only calculated for those SFRs where the age was derived using the ⌧2 fitting statistic and represent the uncertainty in the derived
MS distance translated into an age (see Section 6.1). Note that both IC 348 and IC 5146 are not shown in this figure as no MS ages were
derived for either SFR (see caption of Fig. 6). Left panel: BCAH98 ↵ = 1.9. Note that the pre-MS age for NGC2362 has been increased
by 0.3Myr to highlight the uncertainty on the MS age. Middle panel: DCJ08. Right panel: DAM97.

ties in the distance to each of the SFRs, the nominal ages
given in Table 7 are consistent with two groups of clusters at
ages of 2 and 6Myr. For the 6Myr group, the MS ages are
consistent with the pre-MS nominal ages, and so our final
assigned age for this group is 6Myr. For the very youngest
group, the MS ages (' 5�6Myr) are approximately a factor
of two greater than the pre-MS ages. For reasons we discuss
in Section 7.2 we adopt an age of 2Myr for this group. The
resulting ages we propose should be used for these SFRs in
further studies are given in Table 8.

7.2 Discussion

On the balance of the evidence presented in Sections 4.3 and
6.2.1, how reasonable is the distinction between the 2Myr
and 6Myr groups? Although it is statistically impossible to
di↵erentiate between these two groups based on their MS
ages (all clustered around 6Myr) there is an obvious di↵er-
ence in the luminosity of the pre-MS locus between those
SFRs where an isochrone of 6Myr lies systematically be-
low the observed pre-MS locus and those SFRs where the
isochrone traces the approximate middle of the locus. Fur-
thermore, there is a visible di↵erence between the magnitude
of the observed luminosity spread between the 2Myr and
6Myr groups. For a given colour, the spread in the 2Myr
group covers approximately 3mag, whereas in the 6Myr
group the observed spread is approximately a magnitude
smaller. Note also that in the older SFRs this spread al-
most entirely vanishes and is explainable by the presence of
binaries and higher order multiple systems.

The main di↵erence between the absolute pre-MS ages
derived using the ⌧2 fitting statistic and the nominal pre-MS
ages is that the former include an intrinsic binary fraction

whereas the latter do not and are solely based on comparison
with a single-star model isochrone. Thus, there is a sugges-
tion that the pre-MS ages for both the 2 and 6Myr groups
require a correction to account for binarity. The di↵erence
between the lower single-star and upper equal-mass binary
envelopes in a coeval model isochrone is ' 0.75mag, and so
if we näıvely assume the most extreme case (i.e. 50 per cent
of stars are single and 50 per cent are in equal-mass bina-
ries) this would necessitate that the single-star isochronal
ages be increased by a factor that translates to a shift of
' 0.38mag fainter. For more realistic mass ratio distribu-
tions, however, this shift would be smaller. Adopting the
most extreme case, such a shift would increase the pre-MS
ages for the 2 and 6Myr groups by an additional factor of
1.5� 2. This would have the e↵ect of decreasing the dispar-
ity between the MS and pre-MS ages for the 2Myr group,
whilst causing disagreement between the two ages for the
6Myr group.

Such a shift appears unlikely given that at ages of
' 10Myr we would expect to see evolved high-mass stars in
SFRs like CepOB3b, however these are not observed in the
optical CMDs. Furthermore, the 2Myr group represents the
earliest visible stages of the star formation process and any
shift would increase the age of these SFRs to ' 4 � 5Myr,
suggesting that only after such times do embedded proto-
stars become optically visible.

Any possible quantification of the shift in the ages due
to binarity are hampered by the underlying uncertainty in
the causes of the observed luminosity spread and the result-
ing implications for the evolution of single- and binary-star
systems (e.g. Preibisch 2012). In addition, these young SFRs
likely contain significant numbers of stars with circumstellar
discs, thus further complicating the issue due to the e↵ects

c� 2013 RAS, MNRAS 000, 1–28

Bell et al. (2013)
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Table 8. Final age, distance and reddening for the sample of SFRs. Uncertainties in the derived ages for SFRs older than 6Myr are
shown in Table 6. Notes are as follows. (1) Individual reddenings derived using the revised Q-method with the median E(B � V ) value
quoted (otherwise the value shown represents the mean uniform reddening) with the full range shown in Table 5.

Age (Myr) SFR Distance modulus dm E(B � V )

2

NGC6611 (Eagle Nebula; M16)(1) 11.30  11.38  11.44 0.71
IC 5146 (Cocoon Nebula)(1) 9.62  9.81  10.01 0.75

NGC6530 (Lagoon Nebula; M8)(1) 10.59  10.64  10.68 0.32
NGC2244 (Rosette Nebula)(1) 10.67  10.70  10.75 0.43

6
�Ori(1) 7.99  8.05  8.11 0.05

CepOB3b(1) 8.70  8.78  8.84 0.89
IC 348(1) 6.89  6.98  7.17 0.69

9 NGC2169 9.90  9.99  10.06 0.16
10 �Ori (Collinder 69)(1) 7.99  8.02  8.06 0.11
12 NGC2362 10.57  10.60  10.66 0.07
13 NGC7160(1) 9.62  9.67  9.76 0.37
14 �Per (NGC884)(1) 11.77  11.80  11.86 0.52
20 NGC1960 (M36) 10.28  10.33  10.35 0.20

' 0.38mag fainter. For more realistic mass ratio distribu-
tions, however, this shift would be smaller. Adopting the
most extreme case, such a shift would increase the pre-MS
ages for the 2 and 6Myr groups by an additional factor of
1.5� 2. This would have the e↵ect of decreasing the dispar-
ity between the MS and pre-MS ages for the 2Myr group,
whilst causing disagreement between the two ages for the
6Myr group.

Such a shift appears unlikely given that at ages of
' 10Myr we would expect to see evolved high-mass stars in
SFRs like CepOB3b, however these are not observed in the
optical CMDs. Furthermore, the 2Myr group represents the
earliest visible stages of the star formation process and any
shift would increase the age of these SFRs to ' 4 � 5Myr,
suggesting that only after such times do embedded proto-
stars become optically visible.

Any possible quantification of the shift in the ages due
to binarity are hampered by the underlying uncertainty in
the causes of the observed luminosity spread and the result-
ing implications for the evolution of single- and binary-star
systems (e.g. Preibisch 2012). In addition, these young SFRs
likely contain significant numbers of stars with circumstellar
discs, thus further complicating the issue due to the e↵ects
of accreting objects observed with a range of accretion rates
and viewing angles (see Mayne & Harries 2010).

In Section 4.2.3 we briefly discussed the uncertainty as-
sociated with the distance derived from MS fitting arising
from possible variations in RV towards very young SFRs.
The revised ages given in Section 7.1 demonstrate that we
have derived consistent ages from both the high-mass and
low-mass populations for a range of SFRs down to ages of
' 6Myr. There is still, however, disparity between these
two ages for the very youngest SFRs (the so-called 2Myr
group) for which the pre-MS ages are approximately factors
of between 2 and 3 younger. Given the degeneracy between
age and distance in deriving ages using pre-MS evolutionary
models, it would be interesting to note whether variations in
RV as a function of age are observed. If this is the case, and
the typical value of RV is larger in the youngest SFRs, then
the derived distance would be smaller than that derived in
Section 4.3 by a factor of �dm = �RV ⇥ E(B � V ). This

could o↵er a simple solution to the disparity of the MS and
pre-MS ages for the youngest SFRs as a decreased distance
would necessitate an older age to fit a given photometric
pre-MS locus in CMD space, however, further observational
work is required in such SFRs to ascertain whether or not
this is in fact the case.

We could improve on our work if we understood the ob-
served luminosity spread as well as the problems associated
with the evolutionary models and physical processes that
a↵ect the associated spectral energy distributions (SEDs) of
young pre-MS stars. The models adopted in this study all
assume that the mixing-length parameter ↵ is constant for
all evolutionary stages and identical for all masses. Stud-
ies investigating whether this is a reasonable assumption
(e.g. Ludwig, Freytag, & Ste↵en 1999; Ludwig, Ca↵au, &
Kučinskas 2008) have found that ↵ can vary as a function
of spectral type, the e↵ects of which would be more pro-
nounced at earlier evolutionary phases where the stars are
fully convective and the superadiabatic region is more ex-
tended. In addition to inadequacies in the theoretical mod-
els (see Bara↵e et al. 2002), there are also physical pro-
cesses that a↵ect the SEDs associated with pre-MS stars,
and these can be almost impossible to incorporate into evo-
lutionary codes. An obvious example is the enhanced levels
of activity observed on pre-MS stars. High levels of activ-
ity, presumably driven by intense surface magnetic fields,
can inhibit convective flows at the stellar surface and result
in starspots covering a large fraction of the photosphere.
Thus the colours of young low-mass stars can be somewhat
di↵erent than the colours of older stars of the same mass
and T

e↵

(Stau↵er et al. 2003). An additional consequence
of the inhibited convective flows is that the radii and T

e↵

of stars with intense magnetic fields can di↵er from stars of
a similar mass but with a much weaker magnetic field (e.g.
Chabrier, Gallardo, & Bara↵e 2007; Yee & Jensen 2010).
These combined e↵ects further complicate the transforma-
tion from H-R to CMD space i.e. for a star of given mass,
age, metallicity, and log g there is not a single conversion
from, for example, T

e↵

to (g � i)WFC , but instead a range.
In addition to the e↵ects discussed above, there is a

fierce debate about whether on-going or early episodes of

c� 2013 RAS, MNRAS 000, 1–27

Summary	  for	  PMS	  ages
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Credit:	  Lynn	  
Hillenbrand
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Summary	  for	  PMS	  ages

Bell et al. (2013)
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Taurus	  –	  the	  problem	  child
� Nearest	  star-‐forming	  region.

� Young	  (~1Myr?)

� Should	  be	  good	  example	  of	  low	  
density	  environment.

� Is	  the	  disc	  fraction	  different?

� But	  the	  extinction	  is	  a	  nightmare…

Luhman et al. (2009)
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Dereddening

• Reddening	  vectors	  
usually	  parallel	  to	  
sequence

• Colours	  are	  degenerate	  
-‐	  unable	  to	  deredden	  
photometrically
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Dereddening

• In	  i-‐Z,	  J-‐H	  CCD	  
degeneracy	  is	  broken	  
due	  to	  water	  opacity

• Effects	  of	  discs	  
minimised

• Reddening	  vector	  
perpendicular	  to	  
sequence
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A	  Bayesian	  Approach
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A	  Bayesian	  Approach
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Age	  of	  Taurus
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• Upper	  sequence	  -‐	  fit	  classics	  AND	  weaks	  (3	  million	  yrs)

• Advantage:	  consistent	  with	  Bell	  et	  al.	  clusters

• Disadvantage:	  short	  sequence	  to	  fit

• Or	  fit	  whole	  sequence	  (weaks	  only)	  -‐	  (3	  million	  years)

• Advantage:	  long	  sequence	  to	  fit

• Disadvantage:	  does	  weaks	  only	  bias	  us?

• But	  both	  give	  same	  answer!
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Implications	  -‐	  Disc	  Fraction
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Implications	  -‐	  Disc	  Fraction
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Implications	  -‐	  Disc	  Fraction
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Conclusions

• Using	  a	  Bayesian	  method	  we	  can	  derive	  robust,	  consistent	  
extinctions	  from	  photometry

• Taurus	  older	  than	  commonly	  quoted	  (3-‐4Myr)

• Consequently,	  it	  appears	  disks	  may	  survive	  longer	  in	  low	  density	  
region
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� We	  have	  brought	  the	  MS	  and	  PMS	  age	  scales	  into	  agreement.

� Revised	  age	  scale	  is	  factor	  two	  longer	  than	  canonical	  scale.

� Consequences	  so	  far	  look	  “helpful”.

� First	  signs	  of	  environment	  affecting	  disc	  dissipation.

� Few	  more	  well-‐known	  young	  regions	  to	  do.

� Isochrones	  now	  available	  in	  various	  photometric	  systems	  -‐	  http://
www.astro.ex.ac.uk/people/timn/isochrones/	  -‐	  use	  them,	  they	  are	  
the	  only	  isochrones	  which	  fit	  the	  low-‐mass	  data!

� Consistent	  masses,	  now	  we	  can	  derive	  mass	  functions.

� Why	  is	  there	  a	  MS/pre-‐MS	  age	  discrepancy	  for	  youngest	  objects?

Conclusions
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